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Trypanosoma bruceiProtozoan parasites of the family Trypanosomatidae infect humans as well as livestock causing devastating
diseases like sleeping sickness, Chagas disease, and Leishmaniasis. These parasites compartmentalize glycolytic
enzymes within unique organelles, the glycosomes. Glycosomes represent a subclass of peroxisomes and they
are essential for the parasite survival. Hence, disruption of glycosome biogenesis is an attractive drug target for
these Neglected Tropical Diseases (NTDs). Peroxin 16 (PEX16) plays an essential role in peroxisomal membrane
protein targeting and de novo biogenesis of peroxisomes from endoplasmic reticulum (ER). We identiﬁed
trypanosomal PEX16 based on speciﬁc sequence characteristics and demonstrate that it is an integral glycosomal
membrane protein of procyclic and bloodstream form trypanosomes. RNAi mediated partial knockdown of
Trypanosoma brucei PEX16 in bloodstream form trypanosomes led to severe ATP depletion, motility defects
and cell death. Microscopic and biochemical analysis revealed drastic reduction in glycosome number and
mislocalization of the glycosomal matrix enzymes to the cytosol. Asymmetry of the localization of the remaining
glycosomes was observed with a severe depletion in the posterior part. The results demonstrate that
trypanosomal PEX16 is essential for glycosome biogenesis and thereby, provides a potential drug target for
sleeping sickness and related diseases.
© 2015 Published by Elsevier B.V.1. Introduction
Neglected Tropical Diseases (NTDs) comprise seventeen infectious
parasitic diseases, affectingmore than 1 billion peopleworldwide,mostly
in developing countries [1,2]. Currently, more than 10 million people are
infected with protozoan parasites of the family Trypanosomatidae [3,4].
African sleeping sickness is caused by Trypanosoma brucei, which is trans-
mitted by the tsetse ﬂy. Triatomine bugs transmit T. cruzi, the infectious
parasite causing the American trypanosomiasis (Chagas disease). Leish-
maniasis is caused by Leishmania species that are transmitted by
sandﬂies. Without treatment, African sleeping sickness is fatal, with pro-
gressive mental deterioration leading to coma, systemic organ failure,
and death [5]. The currently used drugs have several limitations such as
toxicity, adverse side effects, difﬁcult to administer. NTDs mainly affect
countries, which only can provide limited resources for the development
of new therapies. Hence, there is an urgent need for identiﬁcation ofg signal; DAPI, 4′,6′-diamidino-
hosphate dehydrogenase; PFK,
t; TbPEX16, Trypanosoma brucei
s Biochemistry, Institute of
Bochum, Universitätsstr. 150,
49 234 32 14266.novel drug targets and development of new affordable drugs against
these diseases [6].
Trypanosomatid parasites harbor glycosomes, unique organelles that
compartmentalize glycolytic enzymes and other metabolic pathways,
which normally occur in the cytosol in other organisms [7]. This unique
compartmentation is essential for the parasites, mislocalization of the
glycosomal enzymes to the cytosol kills the parasite [8–10]. Glycosomes
belong to the family of peroxisomes, sharing the same principles of bio-
genesis [11]. Proteins required for the biogenesis of these organelles are
collectively called peroxins. Until now, thirty-three yeast peroxins and
ﬁfteen human and plant peroxins have been identiﬁed [12,13] but only
10 trypanosomatid counterparts have been discovered till date [14].
Since trypanosomatids diverged very early fromother eukaryotes during
evolution [15], the level of sequence similarity is low, making it difﬁcult
to identify orthologous peroxins of trypanosomatids by bioinformatic
approaches.
Most of the few known peroxins of trypanosomatids are involved in
glycosomalmatrix protein import, which is reasonablywell characterized
[16]. However, our knowledge on glycosomemembrane biogenesis is still
scarce. In other organisms, peroxisome membrane biogenesis requires
three peroxins, PEX19, PEX3, and PEX16 [17]. So far, only trypanosomatid
PEX19 has been identiﬁed, while the corresponding PEX3 and PEX16 ho-
mologs are still unknown [18]. PEX19 is the cytosolic receptor for newly
synthesized peroxisomal membrane proteins. The integral membrane
protein PEX3 acts as anchor for PEX19 [19]. PEX16 is present inmammals
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Saccharomyces cerevisiae it seems to be absent. The functional role of
PEX16 still remains elusive. Evidence has been provided suggesting a
role of human PEX16 for proper targeting of PEX3 to the peroxisomes
[20]. Mutations in peroxins required for membrane formation lead to
complete loss of peroxisomes. In humans, suchmutations are responsible
for inherited severe metabolic disorders, like the Zellweger syndrome
[21]. Since glycosomes are essential for trypanosomatid parasites, the par-
asite peroxinsmight provide suitable novel drug targets, especially as the
degree of conservation between the parasite and human proteins is low.
Here we identiﬁed and functionally characterized PEX16 of T. brucei.
We show that TbPEX16 is a glycosomal membrane protein. PEX16 spe-
ciﬁc RNAi, which results in a partial knockdown of PEX16, kills the
bloodstream form of the parasites in culture. Reduced TbPEX16 expres-
sion directly affects glycosomes leading to drastic reduction in their
number and mislocalization of glycosomal matrix proteins to the cyto-
sol. The remaining glycosomes were asymmetrically distributed in the
cell, most localized in the anterior part. The glycosomebiogenesis defect
leads to a mislocalization of glycolytic enzymes, depletion in ATP levels,
motility defects, and cell death.
2. Materials and methods
2.1. Trypanosome strains, growth conditions, and transfection
Bloodstreamandprocyclic form cell line 449 (T. brucei 427 strain sta-
bly transfectedwith pHD449 plasmid, thus stably expressing Tet repres-
sor) were used in this study [22]. The bloodstream form was grown in
HMI-11 medium containing 10% fetal bovine serum (FBS, Sigma) at
37 °C in humidiﬁed incubator with 5% CO2 [23]. The procyclic form
was grown in SDM-79 medium supplemented with 15% FBS at 28 °C
in humidiﬁed 5% CO2 incubator [24]. Bloodstream form cells weremain-
tained in logarithmic phase (below 2 × 106 cells/ml) and procyclic form
cells were maintained at 5 × 105–5 × 108 cells/ml.
2.2. Bioinformatics
BLAST searcheswere performed against trypanosomatid genomes at
tritrypdb.org. Pfam domain search was done at http://pfam.xfam.org.
Multiple sequence alignment was generated using the Clustal Omega
online server and FASTA aligned sequences were visualized using
JALVIEW with Clustalx color code. Amino acid percentage identity and
similarity matrix were generated using MatGAT2.01 with BLOSUM62
scores. Prediction of transmembrane domains and topology was done
using Phobius prediction software (http://phobius.sbc.su.se).
2.3. Cloning
Genomic DNA of T. brucei 449 cell line or Leishmania majorwas used
as template for PCR ampliﬁcations of desired genes using peqGOLD
Pwo-DNA-Polymerase (Peqlab).
TbPEX16 was C-terminally fused with Protein A tag by cloning the
blunt PCR product of RE3135–RE3651 in HpaI digested pHD918 (kindly
donated by Dr. F. Voncken, The University of Hull). N- or C-terminally
GFP tagged TbPEX16 was generated by cloning BamHI digested PCR
products of RE3135–RE3130 and RE3135–RE3131 into BamHI site in
trypanosome speciﬁc expression vectors pGC1 and pGN1, both derived
from plasmid pHD1336 [25], respectively. LmPEX16 was C-terminally
GFP-tagged by cloning of the HindIII–BglII double digested PCR product
of RE3144–RE3145 into HindIII–BamHI sites of pGN1. Stem loop con-
struct for TbPEX16 RNAi was generated by cloning the 550 bp fragment
(RE3285–RE3286, digested with HindIII–NcoI) and the complementary
500 bp fragment (RE3287–RE3288, digested with NcoI–BamHI) in tan-
dembut opposite orientation in HindIII–BamHI Site in pHD677 [22]. For
generation ofﬂuorescent glycosomalmarker PTS2-GFP, complementary
oligonucleotides RE3474 and RE3475 (coding for ﬁrst 15 amino acids ofaldolase including the PTS2 signal), containing HindIII and BamHI over-
hangs were annealed and ligated into HindIII–BamHI site in pGN1.
2.4. Trypanosome stable transfection
All transfections were genomic integrations of NotI linearized plas-
mids and stably transfected clones were selected by limiting dilution.
Procyclic trypanosome transfection was performed as described in
[26]. Bloodstream form trypanosomes were transfected using Human
T-Cell nucleofector Kit (Lonza), the Amaxa Nucleofector II device and
program X-001. 30 million Log phase cells were used for each transfec-
tion. The transformationmixturewas transferred to 30mlHMI11medi-
um (see Section 2.1) and serially diluted 1:10 and 1:100 to a ﬁnal
volume of 30 ml. 1 ml aliquots of the cultures were transferred to
three 24 well plates. Antibiotics were added after incubation for 8 h or
overnight (5 μg/ml blasticidin from InvivoGen for pGC1, pGN1 and
pHD1336 constructs; 5 μg/ml hygromycin from Invitrogen for pHD677
and pHD918 constructs). Transformed cells were monitored 5–6 days
after transfection. The clones were induced with tetracycline (1 μg/ml)
and positive cloneswere selected and further cultivated. Glycerol stocks
of positive clones were stored at−80 °C in appropriate medium con-
taining 12% glycerol.
2.5. RNAi, RT-PCR, and qRT-PCR
Double stranded (stem-loop) RNA was inducibly expressed from
genomically integrated pHD677 construct described in Section 2.3,
bearing a tetracycline regulated trypanosome-speciﬁc promoter. RNAi
was induced by addition of tetracycline (1 μg/ml) to the cultures of den-
sity 2 × 105 cells/ml. Cells were diluted back to 2 × 105 every 24 h and
fresh tetracycline was added. The growth of uninduced and RNAi-
induced cultures was monitored up to 8 days. RNA was isolated from
day-3 and day-7 cultures using RNAeasy Mini Kit (Qiagen), transcribed
to cDNA using Oligo(dT)18 primers with RevertAid First Strand cDNA
Synthesis Kit (Thermo scientiﬁc). Quantitative Realtime PCR was per-
formed using MESA GREEN qPCR masterMix Plus on MJ Research DNA
EngineOpticon thermal cycler. RT-PCRprimers for tubulin are described
in [27].
2.6. Carbonate extraction
Carbonate extraction was essentially performed as described by Lo-
renz et al. [28], with the following modiﬁcations. 10 × 107 bloodstream
form cells of Protein A- or TbPEX16-Protein A-expressing cell line 449,
induced with 0.1 μg/ml tetracycline for 24 h, were used. Extracts were
directly denatured with Laemmli buffer and subjected to SDS-PAGE.
PEX11 (1:5000) and GIM5 (1:5000) antisera were used as integral
membrane protein marker, enolase (1:75,000) as cytosolic marker
and aldolase (1:75,000) as glycosomal marker [29].
2.7. Microscopy
Trypanosomes were sedimented by centrifugation and resuspended
in 4% paraformaldehyde in PBS (supplemented with 250 mM sucrose in
case of RNAi experiments) and incubated on rotatory wheel for 20 min.
Fixed trypanosomes were washed two times with PBS and immobilized
onpoly-L-lysine coatedwells. Aldolase (1:1500) andGAPDH(1:5000) an-
tibodies were used as glycosomal markers. PEX11 and GIM5 antibodies
(1:200) were used as glycosomal membrane markers. Goat anti-rabbit
Alexa 594 was used as secondary antibody. Nuclear and kinetoplast
DNAwere stainedwithDAPI. Co-staining in Fig. 4Cwas done sequentially,
ﬁrst with PEX11 and Alexa 488 (green) as secondary antibody, thorough-
lywashedwith PBS supplementedwith 250mMsucrose (5min, 6 times)
followed by staining with aldolase and Alexa 594 (red) as secondary an-
tibody. Since both PEX11 and aldolase antibodies were raised in rabbit,
cells labeled with only one antibody and respective secondary antibody
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other channel duringmicroscopy. Stained cellswere layeredwithMowiol
(Sigma) antifade-medium, covered with coverslips and allowed to poly-
merize overnight. Images were captured with a Carl Zeiss Microscope
using Axiovision 4.6.3 software. In case of weak ﬂuorescence of
TbPEX16-GFP, Z-stacks were acquired, deconvoluted, and merged. For
statistical analysis, a minimum of 100 cells were counted in each
experiment.
Motility of uninduced and PEX16 RNAi-induced live cells was
screen-captured with a handheld mobile device camera. Electron mi-
croscopy was performed as described in [28] and images of cells with
complete transverse section visible (n= 7) were chosen for quantiﬁca-
tion of glycosomes.
2.8. Digitonin fractionation
Digitonin fractionation was performed according to [30] using equal
amount of cells (corresponding to 30 μg protein) treated with increas-
ing amount of digitonin (0 to 2 mg digitonin/mg protein) as indicated
in Fig. 5. 1% Triton-X100-solubilized trypanosomes served as control
for the starting material, which corresponds to the complete release of
enzymes in cells. The treated cells were centrifuged to yield superna-
tants which were subjected to SDS-PAGE and probed with glycosomal
matrix markers phosphofructokinase (1:25,000), aldolase (1:75,000),
GAPDH (50,000), hexokinase (1:50,000), cytosolic marker enolase
(1:75,000), and glycosomal membrane markers GIM5 and PEX11
(both 1:5000). “Total” corresponds to the cells treated with 1% Triton-
X100, which were directly denatured with Laemmli buffer without the
centrifugation step.
2.9. ATP measurements
ATP extracts were prepared according to [31] with modiﬁcations.
5 μl of ATP extract was added to 95 μl ATP assay buffer and 100 μl
CellTiter-Glo® Reagent (Promega). After 10 min incubation at room
temperature, luminescence was monitored with a Synergy H1 plate
reader (BioTek GmbH).
3. Results
3.1. Identiﬁcation of PEX16 in trypanosomatids
To identify putative PEX16 candidates from trypanosomatid para-
sites, BLAST searches were performed against the parasite proteins
(Tritrypdb.org), using known yeast (Yarrowia), human and plant
PEX16 protein sequences. The hits were checkedmanually for the pres-
ence of the PEX16 pfam domain (PF08610). The BLAST search using
Arabidopsis PEX16 (SSE1) protein sequence identiﬁed a single protein
in T. brucei TREU927 genome currently annotated as hypothetical pro-
tein (Tb927.9.6450/Tb09.160.4700 in T. brucei Lister strain 427, hereaf-
ter TbPEX16), which contained the PEX16 domainwith E-value 2.8e-22.
Orthologs of putative TbPEX16 in the available genomes of all species of
the Trypanosoma and Leishmania genera also contain the PEX16 pfam
domain.
Multiple sequence alignment of known and trypanosomatid puta-
tive PEX16 candidates revealed a low degree of conservation over the
entire protein length (Fig. 1A). Trypanosomatid putative PEX16proteins
are longer than the known PEX16 proteins due to the presence of addi-
tional internal stretches of amino acids. Trypanosomatid PEX16 candi-
dates have ~16% identity and ~30% similarity to known PEX16
proteins (Supplementary Table S2).
PEX16 is an integral membrane protein in mammals with both N-
and C-termini facing cytosol [32], while Yarrowia and Arabidopsis
PEX16 are reported as peripheral membrane proteins [33,34]. Com-
bined transmembrane topology and signal peptide prediction using
Phobius server indicates the presence of two transmembrane domainsin T. brucei and suggests the topology of both N- and C- termini facing
towards cytosol, similar to human PEX16 (Fig. 1B). To study the mem-
brane topology of TbPEX16, carbonate extraction of cells expressing
TbPEX16-Protein A was performed (Fig. 1C). Similar to known integral
membrane proteins TbPEX11 and TbGIM5, TbPEX16-Protein A was
completely resistant to carbonate extraction. The Protein A tag alone is
soluble as it is completely extracted similar to cytosolic marker enolase,
which is predominantly released with low salt buffer. Aldolase is an
abundant glycosomal matrix enzyme, which is strongly attached or as-
sociated with the glycosomal membrane in Leishmania [29]. The extrac-
tion behavior indicates that TbPEX16 is an integral membrane protein,
like human PEX16.
3.2. Trypanosomatid PEX16 localizes to glycosomes
For the assessment of the subcellular localization of PEX16 by ﬂuores-
cence microscopy, tetracycline inducible N- and C-terminal GFP fusion
constructs of TbPEX16 were generated and expressed in the procyclic
and bloodstream form trypanosomes. Several single clones were selected
by limiting dilution of transformants. Induction of GFPwith 1 μg/ml tetra-
cycline led to the appearance of a green punctate pattern (Fig. 2A and B).
Glycosomes of formaldehyde-ﬁxed trypanosomeswere visualized by im-
munoﬂuorescence microscopy for the glycosomal marker enzyme aldol-
ase. The labeling revealed a punctate pattern, which is typical for a
glycosomal localization (Fig. 2A and B, top panels). Localization of
PEX16 is indicated by GFP-ﬂuorescence. The green punctate pattern of
both, theN- and C-terminal GFP fusion of TbPEX16 colocalizedwith aldol-
ase in both procyclic form trypanosomes (Fig. 2A) and bloodstream form
trypanosomes (Fig. 2B), indicating that PEX16 is a glycosomal protein. Ag-
gregation of glycosomes was observed in procyclic form trypanosomes
expressing higher levels of GFP-TbPEX16 (Supplementary Fig. S1), similar
to aggregation of peroxisomes observed in plant cells expressing N-
terminal GFP fusion of PEX16 [35].
To investigate whether Leishmania PEX16 is also localized in
glycosomes, heterologous expression of LmPEX16-GFP was performed
in bloodstream form trypanosomes (Fig. 2B, lower panel). Similar to
TbPEX16, Leishmania PEX16-GFP fusion also colocalized with glycosomal
marker aldolase. The glycosomal localization of TbPEX16 is supported by
previous proteomic ﬁndings in which TbPEX16 (Tb09.160.4700) was
identiﬁed in the glycosomal proteome of bloodstream form trypano-
somes [36]. Recently, a PEX16-homolog was also detected in the mem-
brane proteome of puriﬁed glycosomes from Leishmania tarentolae [29].
These ﬁndings together with our results veriﬁed that Trypanosoma and
Leishmania PEX16 are authentic glycosomal proteins.
3.3. RNAi knockdown of PEX16 impairs the growth of bloodstream
form trypanosomes
To study the functions of PEX16 in trypanosomes, tetracycline-
inducible RNA interference was applied to reduce its expression level.
A stem-loop construct of TbPEX16 was generated and transfected into
bloodstream form trypanosomes. Preliminary analysis of RNAi-
induction by addition of tetracycline showed speciﬁc growth defects of
several clones. The RNAi experiment was initiated with wild-type (con-
trol), uninduced (RNAi clone without tetracycline), and induced (RNAi
clone plus tetracycline) cultures at density of 2 × 105 cells/ml. Viable
(motile) cells were manually counted with a Neubauer chamber and
the cultures were daily diluted to 2 × 105 cells/ml. Growth defect started
appearing speciﬁcally in tetracycline-induced RNAi cell line from day 2
onwards. ~70% growth reduction compared to uninduced cells was ob-
served on day 3 (Fig. 3A). Cell death was evident in RNAi-induced cul-
tures by appearance of dead cell debris. Quantitative real time PCR
(qRT-PCR) analysis revealed that TbPEX16 mRNA levels were reduced
to 30% on day 3 (Fig. 3B). PEX16-mRNA depletion was also conﬁrmed
by semi-quantitative analysis of tubulin (control) and PEX16 mRNA
Fig. 1. Bioinformatics features andmembrane association of PEX16. (A)Multiple sequence alignment of putative trypanosomatid PEX16 and representative PEX16 proteins. UniProt accession
numbers— T. brucei (Q38ET6), T. cruzi (Q4D653), L.major (Q4QFA4), L. donovani (E9BCC5), H. sapiens (Q9Y5Y5), A. thaliana (Q8S8S1), Y. lipolytica (P78980). (B) Schematic representation of
human and T. brucei PEX16, black box— transmembrane span (phobius prediction), gray box— PEX16 Pfam PF08610 aligned region. (C) TbPEX16 is an integral membrane protein.Wild-type
(non-transfected cell line 449), Protein A- and TbPEX16-Protein A-expressing cell lineswere sequentially extractedwith low salt buffer (lanes 1), high salt buffer (lanes 2) and alkaline sodium
carbonate (lanes 3). Lysates were centrifuged and the resulting supernatants (lanes 1–3) and carbonate resistant sediments (lanes 4) were subjected to immunoblot analysis with antibodies
against glycosomal integral membrane proteins (PEX11, GIM5), cytosolic enolase and glycosomal aldolase as indicated. *cross-reactivity with Protein A.
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and wild-type 449 cells (Fig. 3C).
The growth defect was consistently observed from day 3 to day 6.
From day 7 onwards, the cell density in RNAi-induced cells increased.
Appearance of RNAi-insensitive revertants is commonly observed in
prolonged growth in culture [37,38]. qRT-PCR analysis showed that
indeed PEX16-mRNA levels were increased at later time points
(~65% day 7, data not shown). In genome-scale knockdown studies in
T. brucei brucei TREU927 strain using RNA interference target sequenc-
ing (RIT-seq), a similar growth phenotype was seen for PEX16 [39].Our qRT-PCR analysis suggests that the partial growth phenotype is
due to incomplete RNAi knockdown. Therefore, for further analysis of
the phenotype, day-3 or day-4 RNAi-induced cells were used.
3.4. TbPEX16 RNAi affects import of matrix proteins into glycosomes
To analyze the effects of knockdown of TbPEX16 expression on
glycosomal protein import, immunoﬂuorescence microscopic localiza-
tion of glycosomal matrix and membrane protein markers was
performed. Aldolase and GAPDH are abundant glycosomal matrix
Fig. 2. PEX16 GFP fusion proteins localize to glycosomes. C- or N-terminally GFP-tagged
TbPEX16 as indicated was expressed in (A) procyclic form (PCF) and (B) bloodstream
form trypanosomes (BSF). (B, lower panel) Heterologous expression of Leishmania PEX16
in bloodstream form trypanosomes. GFP-fusions were monitored by GFP-autoﬂuorescence.
The glycosomal marker aldolase was visualized by immunoﬂuorescence microscopy. Top
panels in A and B are uninduced cells as control for normal glycosome morphology. Scale
bar— 10 μm (in A); 5 μm (in B).
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respectively. Both of these enzymes appear as distinct punctate pattern
in wild type (Fig. 2) as well as in the RNAi-cell line without induction of
RNAi (Fig. 4).
However, upon induction of PEX16 RNAi, both aldolase and GAPDH
gave diffuse cytosolic signals, indicative of a cytosolic mislocalization of
the glycosomal matrix proteins (Fig. 4A and B). Fewer import competent
glycosomes (less than 10) were still present in these cells. A complete
mislocalization of matrix proteins was not observed, which was not ex-
pected as PEX16-mRNA was not completely knocked down. Upon RNAi,
only newly synthesized proteins will be mislocalized and accumulated
in cytosol to initiate their toxic effect (see discussion), whereas already
imported proteins persist in glycosomes for several generations due to
their stability and longer lifetime [40]. Immunoﬂuorescence microscopi-
cal co-staining of the glycosomal membrane marker PEX11 and matrixmarker aldolase revealed that both proteins colocalize completely in
uninduced cells (Fig. 4C upper panel). However, in RNAi-induced cells al-
dolase was mislocalized to the cytosol but the membrane protein PEX11
still localized to the remaining glycosomes which also contained aldolase
(Fig. 4C lower panel). There was no apparent mislocalization of PEX11. In
another approach, we used a PTS2-GFP expressing PEX16-RNAi cell line,
where complete colocalization of PTS2-GFP with PEX11 was observed
under uninducing conditions (Fig. 4D, upper panel). Upon RNAi
induction, a partial mislocalization of PTS2-GFP to the cytosol was evi-
dent, while PEX11 localized to the few present glycosomes (Fig. 4D,
lower panel).
As a complementary biochemical approach, RNAi uninduced and in-
duced cells were subjected to digitonin fractionation to assess the
mislocalization of glycosomal matrix proteins to the cytosol (Fig. 5).
Cells were treated with increasing amounts of digitonin to permeabilize
the plasma membrane, leading to the release of the cytosolic proteins to
the supernatant upon centrifugation. Enolase is a cytosolic enzyme and
accordingly it was completely released to the supernatant of both
uninduced andRNAi-induced cells, even at low concentration of digitonin
(0.05 mg/mg protein). Whereas higher concentrations of digitonin (0.5–
0.75 mg/mg protein) were required to liberate glycosomal proteins into
the supernatant from uninduced control cells (Fig. 5, panels labeled
“Un”), minor portions of aldolase and hexokinase were released at inter-
mediate digitonin concentrations (0.25–0.5 mg/mg protein). This could
be due to extra-glycosomal localization of glycolytic enzymes which
was previously reported for hexokinase [41]. However in RNAi-induced
cells (Fig. 5, panels labeled “In”), both PTS1-containing (PFK, GAPDH)
andPTS2-containing (aldolase, hexokinase) glycosomal enzymeswere al-
readywell detected in the supernatants at lower digitonin concentrations
(0.05–0.5 mg/mg protein). This further demonstrates the mislocalization
of glycosomal proteins due to TbPEX16 RNAi.
3.5. TbPEX16 knockdown affects glycosome number and distribution
As described in Section 3.5, themislocalization of glycosomalmatrix
proteins was observed in cells, which contained only few import com-
petent glycosomes. This might indicate that the matrix protein
mislocalization is an indirect effect of strong reduction in the glycosome
number. To estimate the number of remaining normal glycosomes, we
used PTS2-GFP expressing PEX16-RNAi cell line and performed an im-
munoﬂuorescence microscopic analysis with the glycosomal mem-
brane marker PEX11. Combination of these two markers did provide a
reliable way to count remaining normal glycosomes. Wild type blood-
stream form trypanosomes contain ~65 glycosomes per cell [42]. As
shown in Fig. 6A (upper panel), PEX11 completely colocalized with
PTS2-GFP in uninduced cells giving numerous distinct and co-
localizing puncta. In contrast, the number of co-localizing spots was
drastically reduced in RNAi induced cells, for e.g. below 10 in the repre-
sentative cell shown (Fig. 6A, lower panel). The number of remaining
glycosomes was counted in 100 individual cells of both uninduced and
RNAi-induced cultures. The statistical distribution analysis is shown in
Fig. 6B. The majority of uninduced cells displayed ~21–35 glycosomes
marked with PTS2-GFP and PEX11 (Fig. 6B, blue bars). The number is
a slight understatement of the actual number as several spots were
not individually distinguishable, especially in uninduced cells where
glycosome number is high. However, in RNAi-induced cells, ~25% of
cells have less than 10 normal glycosomes, while more than 50% cells
have less than 15 glycosomes (Fig. 6B, red bars).
Another striking feature of RNAi induced cells concerns the subcellu-
lar distribution of glycosomes. Usually, glycosomes are equally distribut-
ed in both anterior and posterior parts of the slender trypanosome with
nucleus in the middle (Fig. 7A). Upon PEX16 knockdown, the few re-
maining glycosomes were not equally distributed but mainly present
in the anterior part of the trypanosomes. About 5% of cells contained
no or just one glycosome in the posterior part (Fig. 7A). The ﬂuorescence
microscopy data were corroborated by electron microscopic analysis of
Fig. 3. PEX16 RNAi knockdown leads to growth defect in bloodstream form trypanosomes. (A) Cumulative growth curve of wild-type (non-transfected 449 cell line), uninduced and in-
duced TbPEX16RNAi cell lines. Cultureswere inoculated in triplicates at density of 2 × 105 cells/ml and RNAiwas inducedwith 1 μg/ml tetracycline. Cellsweredaily counted; cultureswere
diluted to 2 × 105 each day and fresh tetracycline added. The Log10 of cumulative cell counts are plotted using Graphpad Prism (version 6.04). Error bars — SD of triplicate readings.
p b 0.0001 (B) qRT-PCR quantiﬁcation of TbPEX16 mRNA levels (normalized with tubulin mRNA levels) in uninduced and induced cultures from day 3. Values are shown in percentage
relative to uninduced cells. Error bars— SD of triplicate readings. p b 0.0001 (calculated with Graphpad Prism 6.04 using an unpaired, two-tailed Student's T-test) represented by *** in
graph. (C) Semi-quantitative analysis of tubulin (control) and PEX16 mRNA levels by routine PCR with cDNA isolated from wild-type 449 cells, uninduced and RNAi-induced day-3
cultures.
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membrane-bound organelles with a granular matrix. Counting of
glycosomes visible in electron micrographs revealed that uninduced
cells contained roughly equal number of glycosomes in anterior as well
as posterior part of the cell (Fig. 7C). Reduction in total number of
glycosomes in PEX16 knockdown cells, especially in the posterior part
of the cells was also evident in the PEX16-depleted cells.
3.6. Reduced ATP levels and motility defect upon PEX16 knockdown
Glycolysis is the sole source of ATP in bloodstream form trypano-
somes. The ﬁrst seven glycolytic enzymes are compartmentalized in
the glycosomal matrix where they do not provide net ATP. The last
two enzymes of the glycolytic pathway are located in the cytosol and
produce 2 mol ATP/mol glucose. This unique distribution of glycolytic
enzymes is crucial for the parasite, since the trypanosomal glycolytic en-
zymes like hexokinase and phosphofructokinase lack feedback inhibi-
tion. Accordingly, if these enzymes are mislocalized to the cytosol,
they deplete cellular ATP levels by unregulated runaway phosphoryla-
tion and accumulate toxic metabolites leading to cell death [8,10,43,
44]. Since the glycosomal enzymes including hexokinase and phospho-
fructokinase were mislocalized to the cytosol upon PEX16 knockdown,
we tested whether this accompanied by a depletion of the cellular ATP
levels. Analysis of ATP levels in equal number of uninduced and RNAi-
induced cells revealed that the total ATP levels were drastically reduced
upon knockdown of PEX16 (Fig. 8A). Up to 70% decrease in the ATP
levels was observed.
Continuousmotility of trypanosomes is amajor ATP consuming pro-
cess. As ATP levels were drastically reduced in trypanosomes upon
PEX16 RNAi-induction, we investigated the motility of bloodstream
form parasites. Microscopic observation of these cells disclosedmotility
defects in ~5% of the cells. The defective motility was not seen in
uninduced cells. The motility defective cells move slowly, display com-
plete loss of ﬂagellar tip-to-base beating and thus exhibit reversed di-
rection of motility in comparison to normal cells (Fig. 8B, Suppl.
Video). The observed defect might be secondary or indirect. However,
as the motility defect is only seen in cells with drastically reduced
glycosome number it appears not to be an off-target effect.4. Discussion
Glycosomes are typical and essential peroxisome-like organelles of
protozoan parasites of the family Trypanosomatidae. They harbor ﬁrst
seven enzymes of glycolysis, the pathway which is the sole source of
ATP for the bloodstream formof the parasite. As such, they provide a suit-
able target for the development of drugs against devastating African
sleeping sickness, Chagas disease, and Leishmaniasis. Here we report on
the identiﬁcation of PEX16 as a novel peroxin of trypanosomatid para-
sites. TbPEX16 localizes to the glycosomal membrane and knockdown of
its expression in bloodstream form parasites did result in defects in
glycosome biogenesis, especially reduction in the glycosome number
and mislocalization of glycosomal matrix proteins to the cytosol. Due to
lack of feedback inhibition of hexokinase and phosphofructokinase,
theirmislocalization results in depletion of cellular ATP levelswhich is ag-
gravated by accumulation of toxic metabolites causing death of trypano-
somes [8,10,43,44]. Similar to TbPEX16, the knockdown of peroxins
PEX19 or PEX2 leads to a reduction in glycosomenumber andmatrix pro-
tein import defects in procyclic form trypanosomes [18,45]. Glycosome
number is also reduced upon knockdown of PEX11 or GIM5 expres-
sion [28,46]. The glycosome biogenesis defects due to PEX16 knockdown
observed in this study resemble peroxisome biogenesis defects reported
for mutations of PEX16 or siRNA silencing of PEX16 expression in other
organisms [33,35,47–49]. PEX16 defects in Zellweger human patient
cells [48,49], Arabidopsis [35,50] and Y. lipolytica [33] lead to complete
absence of morphologically detectable peroxisomes and exhibit
mislocalization of peroxisomal proteins. However, some mutations in
PEX16 which are associated with milder clinical phenotype in humans,
lead to reduced number of enlarged import competent peroxisomes [47].
Decrease of the expression rate of TbPEX16 of up to 70% led to re-
duced number of glycosomes and mislocalization of glycosomal matrix
proteins. Glycosomal membrane proteins PEX11 and GIM5 still local-
ized to the glycosomes. In Arabidopsis, knockdown of PEX16 with sim-
ilar efﬁciency (as for TbPEX16 in this study) resulted in a decrease in
number but increase in size of peroxisomes [51]. siRNA knockdown of
PEX16 expression in mammalian cells led to speciﬁc mislocalization of
PEX3, while peroxisomal targeting of PEX11 and PEX14 was not affect-
ed. Therefore it was proposed that PEX16 functions as an anchor for
Fig. 4. RNAi knockdown of PEX16 leads to mislocalization of glycosomal matrix proteins. Uninduced and RNAi-induced cells (day 3) were ﬁxed with formaldehyde and processed for im-
munoﬂuorescence microscopywith (A) aldolase, (B) GAPDH, and (C) PEX11 and aldolase (sequential co-staining). (D) PTS2-GFP expressing PEX16 RNAi cell line stained with PEX11 an-
tibody. White arrows in lower panels of (A) and (B) indicate affected cells, Cells marked with white box in (A) and (B) are magniﬁed on the right side for comparison. Scale bar — 5 μm.
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PEX3 orthologue is not known. Bioinformatics search for trypanosomal
proteinswith PEX3 Pfamdomain aswell as proteomic approaches so fardid not result in promising PEX3 candidates. So far, PEX3 has been iden-
tiﬁed in most species and its prominent role in formation of the perox-
isomal membrane and de novo synthesis of the organelles makes it
Fig. 5. Effect of PEX16-RNAi on the subcellular distribution of glycosomal proteins analyzed by digitonin-dependent cell fractionation. Intact uninduced (Un) and RNAi-induced (In) cells
were incubatedwith increasing concentrations of digitonin as described inMaterials andmethods. Cell suspensions were centrifuged to yield supernatants, which were resolved by SDS-
PAGE and analyzed by immunoblotting with antibodies against GAPDH, PFK (glycosomal PTS1 proteins), aldolase, hexokinase (glycosomal PTS2 proteins), enolase (cytosolic marker),
GIM5, and PEX11 (glycosomal membrane markers) as indicated. 1% Triton indicates supernatants of cells incubated with 1% Triton-X100 to dissolve all membranes. Total corresponds
to cell suspension with 1% Triton-X100 without centrifugation.
Fig. 6.Glycosomenumber is reducedupon knockdownof PEX16expression. (A) Immunoﬂuorescencemicroscopy analysis of PEX11 in an uninduced and RNAi-inducedPTS2-GFP express-
ing PEX16-RNAi cell line. Scale bar— 5 μm(B) Statistical analysis of number of glycosomes (markedby PTS2-GFP andPEX11)per cell in uninduced (blue bars) and RNAi-induced (red bars)
cells (100 cells were counted in each case).
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Fig. 7. Differential effect of PEX16-depletion on glycosomes distribution. (A) Representative images of uninduced and induced TbPEX16 RNAi cells (DIC, PTS2-GFP and TbPEX11 as
glycosomalmarkers and DAPI) showing disappearance of glycosomes from the posterior part of the cell (scheme— ﬁrst panel). Scale bar— 5 μM (B) Ultrastructural analysis of uninduced
and RNAi-induced cells from day-3, glycosomes are marked with black asterisks. (C) Number of glycosomes (total, posterior part, anterior part) in electron micrographs shown in Fig. 6B
were counted. Number of glycosomes from posterior and anterior part and total number (sum of both) are plotted (n = 7).
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TbPEX3 might have escaped its identiﬁcation due to a low sequence
conservation or its function in trypanosomatids is performed by an un-
related protein. Here PEX16 as possible TbPEX3-membrane anchor
might be a good tool for its identiﬁcation.
Trypanosome usually contains approximately equal number of
glycosomes in both the anterior andposterior part of the cell. Remarkably,
depletion of TbPEX16 did not only lead to a reduction in glycosome num-
ber, but the remaining glycosomes were predominantly in the anterior
part, while the posterior part was nearly depleted from glycosomes. A
similar effectwas also noticed inGIM5knockdownbloodstream form try-
panosomes [52], while in GIM5-knockdown cells of the procyclic form,
the number of glycosomes was equally reduced over entire cell body
[46]. Long slender bloodstream form trypanosomes are highly polarized
cells with several single organelles that occupy deﬁned subcellular posi-
tion [53]. A single lysosome and golgi apparatus are positioned between
nucleus and ﬂagellar pocket in the posterior part of the cell. Both blood-
stream and procyclic form trypanosomes are highly motile with a tip-
to-base ﬂagellar beat imparting the directionality of propulsive motility.Binding and release of dynein with microtubule requires ATP [54],
which in the bloodstream form is generated solely by glycolysis. Upon de-
pletion of PEX16, around 5% of the cells lost the tip-to-base ﬂagellar beat
and directionality of motility was reversed. Such motility defect was ob-
served previously in procyclic form trypanosomes upon knockdown of
ﬂagellar proteins Dynein Light Chain 1 (LC1) or outer-armdynein subunit
DNAI1, which both lead to loss of outer-arm dynein complex [55]. In the
bloodstream form, ﬂagellar protein knockdown is mostly lethal. Point
mutants of LC1 have been reported, which display motility defects but
are viable in culture [55]. Same mutants in procyclic form have defective
motility but still move in normal forward direction. Persistent backward
motility was ﬁrst reported in the wild-type bloodstream form trypano-
somes under speciﬁc growth condition, i.e. physical conﬁnement of para-
sites using for e.g. artiﬁcial narrow spaced micropillar arrays, which
mimic the physical conditions trypanosome may encounter in host
body [56]. However, in standard growth HMI-medium, persistent back-
ward motility or persistent reversed ﬂagellar beat is not observed [56].
Therefore, the motility defect observed in PEX16 knockdown cells, is
ﬁrst such report for bloodstream-form trypanosomes grown in standard
Fig. 8.Depletion of ATP levels andmotility defect. (A) Total ATP levels in equal number of uninduced and RNAi-induced cells from days 1–4were quantiﬁedwith CellTiterGlo reagent and
expressed as percentage relative to uninduced cells; Error bars— SD from triplicate readings. (B) Motility defect in PEX16 knockdown cells. Screenshots were extracted from video (see
Supplementary Video) using VLC video player. Trypanosomemarkedwith black arrow depicts normal directional motion and black cyclic arrows depict tumbling. Trypanosomemarked
with white arrow shows reversed motility direction and slow speed. Time in seconds. (See Supplementary video).
2335V.C. Kalel et al. / Biochimica et Biophysica Acta 1853 (2015) 2326–2337culture conditions (HMI-medium). ATP depletion may cause overall cel-
lular abnormalities including loss of outer-arm-dynein complex, which
can explain the backward motility as observed in LC1 [57] and DNAI1
[58] knockdowns and PEX16 knockdown in this study. ATP depletion in
bloodstream form trypanosomes has been reported in various studies
suchasRNAi knockdownof different proteins or using chemical inhibitors
[59], low-glucose media or 2-deoxy-D-glucose [60], but under these con-
ditions backward motility defects have not been observed. Thus, ATP de-
pletion does not per se lead to motility defects as observed for the PEX16
knockdown. It should be noted that the growth defect observed in PEX16
knockdown (Fig. 3) is less severe than observed for PEX5 or PEX7 knock-
down [38]. Accordingly, a motility phenotypemight have escaped the at-
tention as cells die rapidly. There are someglycosomal enzymes known to
localize to the ﬂagellum such as hexokinase-2 (HK2) [41], adenylate ki-
nase isoforms [61]. HK2 shares 98% similarity to HK1, both harbor PTS2
signal at N-terminus and differ only at the C-terminus [41]. Neither the
function of HK2 nor the regulation of the bipartite localization of HK is
known. In PEX16-knockdown, glycosomal hexokinase was mislocalized
to the cytosol, which could interfere the ﬂagellar targeting or function of
ﬂagella localized HK2. Further studies with PEX16 RNAi cells may reveal
whether there is a direct link between glycosomes and regulation of
motility.
Peroxisomes number is maintained by two pathways; by ﬁssion of
preexisting peroxisomes, or de novo biogenesis from ER. PEX16 plays an
important role in both pathways. Y. lipolytica PEX16 is involved in perox-
isome ﬁssion as it contributes to the recruitment of dynamin-like protein
Vps1 to peroxisomes [62]. Trypanosomes encode a single dynamin familyprotein TbDLP (Dynamin-Like Protein), whose knockdown did not affect
glycosome biogenesis [63], indicating that ﬁssion of the preexisting
glycosomesmight not be themain pathway tomaintain glycosome num-
ber. The de novo peroxisome biogenesis from ER is dependent on PEX16
in humans [64], where speciﬁcally Sec16B is involved in exit of PEX16
from ER [65,66]. Trypanosomes harbor only one isoform of Sec16. This
isoform resembles human Sec16B and forms a single ER exit site in the
posterior part of the trypanosome between nucleus and kinetoplast
[67]. Investigation of TbSec16 role in PEX16 trafﬁcking and glycosomes
biogenesis may shed light on whether also glycosomes are formed de
novo from the ER. The reduced number of glycosomes in the region of
the ER exit site is indicative of the existence of a de novo biogenesis
pathway. During transition between bloodstream to procyclic form,
glycosomes containing glycolytic enzymes are degraded by autophagy
[68]; therefore new glycosomes are more likely to be formed by de
novo biogenesis rather than ﬁssion in order to adapt to glucose limiting
conditions in insect host [68]. There are organism speciﬁc differences re-
garding the contribution of ﬁssion of preexisting peroxisomes or de novo
biogenesis from ER in maintaining the number peroxisomes in normal
cells. In yeast like S. cerevisiae, there is ample evidence that ﬁssion is the
major pathway, while de novo synthesis of peroxisomes is only occurring
under certain conditions [69]. Inmammalian cells, the de novopathway is
supposed to play a more prominent role [64]. According to our data, de
novo biogenesis might be the predominant pathway for glycosome bio-
genesis in trypanosomes even in non-differentiating conditions.
Our knowledge on the biogenesis of glycosomes is scarce. The newly
identiﬁed PEX16 and PEX19might be instrumental for the identiﬁcation
2336 V.C. Kalel et al. / Biochimica et Biophysica Acta 1853 (2015) 2326–2337of the long-searched trypanosomal PEX3, which will contribute to our
understanding of the topogenesis of glycosomal membrane proteins
and de novo synthesis of the organelles. Furthermore, owing to their
low similarity to human counterparts, PEX16 and associated proteins
could be attractive targets for developments of drugs against
trypanosomatid parasites.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.05.024.
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